ABSTRACT: The interaction between pyrene-labeled poly(acrylamido)-2-methylpropane sulfonate) (PyPAMPS) and mixed micelles of n-dodecylhexaoxyethylene glycol monoether/n-hexadecyltrimethylammonium chloride (C12E6/CTAC) was studied by turbidimetry, quasielastic light scattering (QELS), fluorescence quenching, and UV spectroscopy. The present report focuses on the effect of the pyrene label on the polymer-micelle interaction. With nonlabeled PAMPS, we observe by turbidity and QELS a critical mole fraction of ionic surfactant (Yc) corresponding to the onset of polyelectrolyte-micelle interaction. The same Yc is observed by turbidity and QELS for PyPAMPS. However, PyPAMPS shows a lower additional transition by the same methods, which we refer to as "Yc1" to distinguish it from "Yc2" which is seen for both PAMPS and PyPAMPS. Steady-state fluorescence, in the presence of a hydrophobic quencher (N,N-dimethylaniline) solubilized in the micelles, also shows a discontinuity at Yc1. Therefore, we conclude that Yc1 and Yc2 correspond to the binding of micelles to polymeric pyrene sites and AMPS sites, respectively. Analysis of UV spectra at varying Y demonstrates that the polymer-bound pyrene penetrates inside micelles and resides at or near the hydrophobic core. These results indicate preferential binding of micelles to pyrene binding sites; nevertheless, both Yc1 and Yc2 show a linear dependence on the square root of the ionic strength. This dependence suggests the dominant role of electrostatic forces, consistent with the observation that nonionic micelles will not bind to PyPAMPS. We conclude that conjoint hydrophobic and electrostatic effects determine the interaction between PyPAMPS and C12E6/ CTAC mixed micelles.
Introduction
Most of the experimental papers on polymer-surfactant interactions in the past 2 decades (for reviews, see refs 1-4) have dealt either with (a) interactions between polyelectrolytes and oppositely charged surfactants below a critical micellar concentration (CMC) or with (b) association between nonionic polymers and ionic surfactants above the CMC. The former case (a) has typically been discussed in terms of the binding of monomeric surfactants to polyelectrolytes or with the appearance of a polymer-surfactant complex at a critical aggregation concentration of the surfactant (CAC). Electrostatic forces dominate this interaction, although hydrophobic forces may play a secondary role. [5] [6] [7] The latter case (b) is probably best exemplified by the system involving poly(ethylene oxide) (PEO) and sodium dodecyl sulfate (SDS) above the CMC; here, the debate about the nature of the attractive force has included the reduction of interfacial energy between the hydrocarbon core and the local solvent medium, [8] [9] [10] the association between the ethylene group of PEO and the aliphatic part of micelles, 11 and the role of the cationic counterion in the stabilization of the complex. 12 These arguments indicate the difficulty in reaching definitive conclusions on this system.
The lack of investigation for polyelectrolytes with oppositely charged surfactants well above the CMC could at one time be attributed to the presence of interactions so strong that irreversible phase separation occurs. Dubin and co-workers, [13] [14] [15] [16] [17] however, found that these interactions could be attenuated by using mixed micelles of nonionic and ionic surfactants. A number of studies on polyelectrolytes and oppositely charged mixed micelles [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] have indicated that complex formation appears to be a critical phenomenon in which the primary variables are the ionic strength (I), polymer linear charge density ( ) and micelle surface charge density (σ). The last parameter may be adjusted experimentally in ionic/nonionic mixed micelles via the mole fraction of ionic surfactant, i.e., Y. Many studies demonstrate that Y c , a critical value corresponding to the onset of complex formation, varies linearly with square root of the ionic strength (I 1/2 ). Since the Debye length (κ -1 ) varies as I -1/2 , this dependence suggests that the interaction is predominantly controlled by an electrostatic force.
Inasmuch as electrostatic forces rule the interaction between polyelectrolytes and oppositely charged mixed micelles, such systems may represent a model for the Coulombic interaction of linear macroions and colloids, for example, the nonspecific binding of DNA to proteins, the formation of complexes between synthetic polyelectrolytes and proteins, and the flocculation of inorganic colloids by polyions. In this regard, polyelectrolytemicelle systems, in which the colloid surface charge density can be readily altered, are valuable as a model system to test theories for polyion-colloid interactions. Several [23] [24] [25] [26] theoretical approaches have been developed for the adsorption of polyelectrolytes to charged surfaces or micelles and yield results consistent with experimental observations: (a) the interaction energy increases with σ(∝Y), , and κ -1 (∝I -1/2 ); and (b) the interaction resembles a phase transition.
Many experimental approaches have been used to study polymer-surfactant interactions, such as turbidimetry, 13, 15 light scattering, [18] [19] [20] [21] [22] small-angle neutron scattering, 27 electrophoretic light scattering, [28] [29] NMR, 30 dialysis, 18,31,32 surface tension, [33] [34] [35] [36] viscometry, 20, 33 calorimetry, 37 dye solubilization 38, 39 and solvatochromic studies 40 , but relatively few techniques can be utilized to identify the phase transition. Static 20, 22, 41 and quasielastic 17, [19] [20] [21] 41 light scattering especially have provided important insight into complex structure; nevertheless, they can detect the onset of complex formation only within certain limitations. Methods that depend on light scattered from the complex require a considerable change in particle size and/or mass relative to free polymers and free micelles, and in any event the scattering intensity increases only slightly when either polymer molecular weight 19, 20 or concentration 22 is low. As a result, it is hard to define the point of incipient interaction, i.e., Y c .
Fluorescence methods have been increasingly employed to examine polymer-surfactant interactions partly because of their inherent sensitivity, although they have not so far been used to study the phase transition of polyelectrolyte-micelle systems. In general, fluorophores have been used in two ways for the study of polymer-surfactant systems. In the first case, monomeric fluorophores such as pyrene are used as fluorescence probes. For example, pyrene has been used to measure the CAC for poly(styrene sulfonate) (PSS)/ dodecyltrimethylammonium bromide (DTAB), through quenching, 42 vibrational fine structure shifts (I 3 /I 1 ) 43 and time-dependent fluorescence. 42, 43 In the second case, the fluorophore is covalently bound to the polymer chain. Winnik and co-workers studied the interaction between pyrene-labeled neutral polymers (hydroxypropylcellulose, PyHPC; 44 polyethylene oxide, PyPEO 45 ) and ionic surfactant (sodium dodecyl sulfate, SDS). Both excimer/ monomer emission ratio (I E /I M ) and I 3 /I 1 indicate that these polymers associate with surfactants and form polymer-surfactant complexes below the CMC.
In this work, we propose to use a fluorescence-labeled polymer for characterization of the polyelectrolytemicelle phase transition. We recently reported 46 on the use of time-resolved fluorescence quenching methods to study dynamic processes of complex formation between a pyrene-labeled polyanion (PyPAMPS) and cationic mixed micelles (C 12 E 6 /CTAC). However, in making use of fluorescence-labeled polyelectrolytes, it is important to consider perturbation by the label. In fact, the labeled neutral polymer PyPEO 45 behaves as a hydrophobically modified polymer even if the mole fraction of pyrene is small (=1 mol %), and the pyrene label enhances the hydrophobic association with micelles. Other studies [47] [48] [49] [50] have also shown that hydrophobic modifications strengthen the polymer-surfactant interaction by providing hydrophobic sites to which surfactants bind preferentially. In this report, we discuss the influence of fluorophore in labeled polyelectrolytes on polyelectrolyte-micelle interactions. For the interaction of PyPAMPS with mixed micelles of C 12 E 6 /CTAC, turbidimetric, light-scattering, and fluorescence studies reveal that while the binding is predominantly driven by electrostatic forces, micelles do bind preferentially to pyrene sites. We observe a conjoint effect of hydrophobic and electrostatic forces on the polyion-micelle interaction.
Experimental Section
Materials. PyPAMPS and PAMPS were prepared by polymerization of 2-(acrylamido)-2-methylpropanesulfonic acid with or without N-(1-pyrenylmethyl)-methacrylamide as reported previously. 51 The pyrene content of the copolymer (0.5 mol %) was determined by UV absorbance at 343 nm. MW values of PAMPS (1.0 × 10 6 ) and PyPAMPS (1.1 × 10 5 ) were measured by size exclusion chromatography (SEC) on Superose 6 columns, relative to pullulan standards. N-(1-pyrenylmethyl)-2-methylpropionamide (PyPAm) was synthesized by the reduction of N-(1-pyrenylmethyl)methacrylamide as described previously.
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C12E6 (Nikko Chemicals) was used without further purification. CTAC (Wako Pure Chemicals) was recrystallized twice from methanol. N,N-Dimethylaniline (DMA) (Aldrich) and NaCl (Sigma) were used without further purification. Milli-Q water was used through this work.
Turbidimetric Titrations. Turbidimetric titrations were carried out at 420 nm using a Brinkman PC800 probe colorimeter equipped with a 1-cm path length fiber optics probe; all solutions were filtered through a 0.45 µm Whatman filter before titrations. "Type I" turbidimetric titrations 53, 54 were performed at 22 ( 2°C by adding a solution of 40 mM CTAC to a mixture of 0.5 g/L polymer and 20 mM C12E6 at constant ionic strengths (I); the ionic strengths were adjusted with NaCl. All transmittance values were corrected by subtracting the turbidity of a polymer-free blank. The blankcorrected turbidity (100 -T%) was plotted vs Y, the mole fraction of ionic surfactant, defined as [CTAC]/([CTAC] + [C12E6]). "Type II" titrations, 55, 56 corresponding to addition of the mixed micelle to polymer at constant Y and I, were conducted by adding a mixed solution of C12E6/CTAC to a 0.1 g/L polymer solution at 0.3 M NaCl.
Quasielastic Light Scattering. QELS was carried out at 90°scattering angle with a DynaPro 801 (Protein solutions Inc., Charlottesville, VA), which employs a 30-mW solid-state 780 nm laser and an avalanche photodiode detector. The sample solution was introduced into the 7-µL cell via 0.2 µm Whatman Anotop filters. Scattering data were analyzed by monomodal analysis using the Nelder-Meade Simplex algorithm. The hydrodynamic radius (Rh) was calculated from the measured translational diffusion coefficient using the StokesEinstein equation.
Fluorescence Titrations. Steady-state fluorescence spectra were recorded on a FLUORO IV fluorescence spectrophotometer (Gilford, Oberlin, OH) with excitation at 343 nm. To prepare a DMA-solubilized C12E6 micelle solution, a mixture of 0.75 mM DMA and 4 mM C12E6 was stirred overnight. With these concentrations, each micelle solubilizes at least one DMA molecule. Type I fluorescence titrations were carried out by adding a solution of 8 mM CTAC to a mixture of 0.1 g/L polymer and 4 mM C12E6 containing 0.75 mM DMA at constant ionic strengths. Type II titrations were performed using the same procedure as turbidimetry.
UV Spectroscopy. UV spectra were recorded on a Spectrophotometer Lambda 19 (Perkin Elmer, Norwalk, CT). Type I titrations were performed using the same procedure as fluorescence titrations.
Results and Discussion
Type I Turbidimetric Titrations. Solutions containing 0.5 g/L PAMPS or PyPAMPS + 20 mM C 12 E 6 were titrated with 40 mM CTAC at I ) 0.3. In Figure  1 , the turbidity (reported as 100 -%T) is plotted against Y, the mole fraction of CTAC in CTAC/C 12 E 6 mixed micelles. For PAMPS (Figure 1a) , the turbidity begins to increase at Y ) 0.18, and then abrupt phase separation occurs. These observations agree with those of previous studies on a number of similar polyelectrolytemixed micelle systems; [13] [14] [15] 54, 55 two critical values of Y, one corresponding to the first appearance of turbidity in excess of that of the polymer-free solutions (Y c ), and the other to a more abrupt and dramatic turbidity change (Y p ), corresponding to the phase separation. For PyPAMPS (Figure 1b) , turbidity begins to increase gradually at Y ) 0.11 and then increases suddenly at Y ) 0.18, while only the second transition is seen for PAMPS. We designate the first appearance of turbidity as Y c1 τ , and the point of increasing slope as
τ is equal to Y c of the pyrene-free PAMPS system, it may correspond to the onset of polymer-micelle complex formation at polymeric AMPS sites. On the other hand, Y c1 τ at 0.11, which is observed only for PyPAMPS, is presumably caused by complex formation between polymeric pyrene sites and micelles. However, the phenomena corresponding to this phase separation, which may include charge neutralization and stoichiometric effects, are not well understood. Figure 2 . The data for the polymerfree micelle included for comparison show that the scattering intensity of mixed micelles varies with the mole fraction of ionic surfactant. 57, 58 QELS and size exclusion chromatography showed that this effect is a reflection of the dependence of micelle size on Y. 58 In the presence of PAMPS, the intensities are identical to those for micelle alone bellow a critical Y, and increase abruptly at Y ) 0.18, corresponding to the onset of polymer-micelle interaction. The scattering intensities for PAMPS + micelle bellow Y c are almost equal to those for a polymer-free micelle. Even though R h of PAMPS, 25 nm, is twice as large as that of the micelle, 11-12 nm, we do not observe the scattering from PAMPS because of the large excess of micelles relative to polymer. The intensities for PyPAMPS + micelle coincide with those for micelle alone at Y < 0.10, but the two diverge at Y ) 0.10, and abruptly separate at Y ) 0.18. Those critical values are in good agreement with the turbidimetric titrations shown in Figure 1b .
Light Scattering
The increase in scattering intensity for PyPAMPS + micelle is relatively modest in the region Y c1 < Y < Y c2 . QELS shows that the apparent mean hydrodynamic radius (R h ) for this system is 13 nm, which may be compared to the values of 11-12 nm for the micelle and 7.8 for PyPAMPS. However, QELS decay curves are multimodal, presumably due to the presence of excess micelless, and the resolution is inadequate to estimate the size of the complex itself. Nevertheless, the rather low scattering intensity and the apparently small size of the complex suggest an "intrapolymer" (as opposed to multipolymer) complex of relatively low mass. The low mass of the complex is consistent with the proposal that in the region Y c1 < Y < Y c2 micelles bind only to the rather small number of pyrene sites on each polymer chain.
Type I Fluorescence Titrations. It is known that the fluorescence of pyrene is quenched by DMA either by forming an exciplex in nonpolar media or by electron transfer from DMA to a singlet-excited pyrene in polar media. 59 In order to investigate the polymer-micelle interaction by fluorescence quenching, we mixed C 12 E 6 micelles in which the hydrophobic quencher, DMA, was solubilized with PyPAMPS. The quenching of pyrene fluorescence that could occur when DMA-containing micelles associate with pyrene sites on PyPAMPS was monitored via the intensity change of pyrene fluorescence at 380 nm. Figure 3 shows the normalized fluorescence intensity, I/I 0 , where I is the fluorescence intensity of 0.1 g/L PyPAMPS in the presence of the DMA-containing C 12 E 6 / CTAC (4 mM C 12 E 6 ) at varying Y, and I 0 is the fluorescence intensity in the presence of DMA-free micelles at Y ) 0. It is important to note that the fluorescence intensity is independent of Y when DMA is absent; no change in fluorescence intensity is caused by the addition of CTAC (data not shown). A region of stong fluorescence quenching is observed at 0.10 < Y < 0.17, which provides straightforward evidence of the binding between polymeric pyrene sites and DMAcontaining micelles. Fluorescence intensities at lower Y are close to I 0 , but the current precision of the measurements is not adequate to preclude some form of quenching at low Y. Nevertheless, the regime of strong quenching can be observed to be initiated at Y c1 f ) 0.10, which is in good agreement with the onset of turbidity and scattering intensity change in Figures 1b  and 2 , respectively. Therefore, Y c1 corresponds to the minimal surface charge density required to cause micelles to bind to polymeric pyrene sites. Since Y c1 is smaller than Y c2 by 50%, it is suggested that the pyrenelabel enhances the interaction and that micelles bind to pyrene sites preferentially. Furthermore, I/I 0 decreases with increasing Y at Y > Y c1 f , indicating an enhancement of micelle binding as the micelle charge density increases. It is thus revealed that polymeric pyrene provides a hydrophobic site to which mixed micelles bind preferentially.
Type II Turbidimetric and Fluorescence Titrations. Type I titrations using turbidity, 90°intensity, and fluorescence show that micelles with adequate surface charge density prefer to bind to the pyrene sites. Type II titrations, corresponding to the addition of mixed micelles at constant Y to polymer solution, at constant I, also provide information about the stoichiometry of complex formation. Type II turbidimetric titrations were conducted at 0.1 g/L PAMPS or Py-PAMPS + C 12 E 6 /CTAC mixed micelle in 0.3 M NaCl at constant Y, and the turbidity is plotted as a function of total added surfactant (C s ) in . It is noteworthy that turbidity begins to increase near C s ) 0 with increasing C s for PAMPS, whereas it starts to increase (abruptly) only at C s ) 1.6 g/L for PyPAMPS. These data are interpreted as follows. For PAMPS, micelles which have adequate surface charge density (at Y > Y c ) to associate with the polyelectrolyte bind immediately when they are mixed with polymer, leading to large interpolymer complexes observed as high turbidity. For PyPAMPS, micelles initially bind to polymeric pyrene sites even though they have enough surface charge density (Y > Y c2 ) to interact with AMPS sites. Inasmuch as the resultant complex is intrapolymer, turbidity can not increase at low C s . After completion of binding to pyrene sites, micelles start to associate with AMPS sites consequently forming interpolymer complexes observed as high turbidity. Figure  4b , fluorescence quenching occurs dramatically. These results confirm a formation of the primary intrapolymer complex between polymeric pyrene sites and micelles at Y c1 < Y < Y c2 , which is hardly seen by turbidity but can be observed by fluorescence. Comparison of the curves for Y ) 0.16 or Y ) 0.22 shows that even though the quencher concentrations are identical and the micelle concentrations are almost equal at any C s , higher quenching is observed for micelles with a higher surface charge density. These data imply that the association constant between pyrene sites and micelles depends on the micelle surface charge density and that the electrostatic forces strongly influence the interaction. In other words, the affinity of binding becomes stronger at higher micelle surface charge density; in this case, more micelles bind to polymer and/or micelles have longer residence time.
Type I Turbidimetric and Fluorescence Titrations (Effect of Ionic Strength). Type I turbidimetric and fluorescence titrations of PyPAMPS + C 12 E 6 at varying ionic strengths are shown in Figure 6 . Critical Y values (Y c1 τ , Y c2 τ , and Y c1 f ), defined in the same manner as in Figures 1b and 3 , increase with ionic strength. The initial slopes in Figure 6b at Y < Y c1 f vary somewhat erratically. As noted above, the reproducibility of the values in this region of small quenching precludes interpretation of these relatively subtle effects.
Previous studies on a number of polyelectrolytemicelle systems [13] [14] [15] [54] [55] [56] revealed a linear dependence between Y c and I 1/2 . As shown in Figure 7 , both Y c1 and Y c2 depend linearly on I 1/2 in the present system. Although turbidity, fluorescence, and QELS all reveal a hydrophobic effect on the interaction between polymeric pyrene sites and micelles, the linear dependence of Y c1 on I 1/2 suggests that the interaction is also controlled by electrostatic forces.
Earlier studies 53, 60 have led to an empirical relationship that describes the critical conditions for complexation where σ c is the critical micelle surface charge density which is proportional to Y c , is the linear charge density of polymer, and κ -1 , the Debye length, varies with I -1/2 . This relationship has been theoretically rationalized by Odijk. 26 From the above relationship, we can infer that
The binding affinity of polymers for micelles is stronger at larger ; in this case, the slope (dσ c /dκ) becomes smaller. Therefore, the smaller slope means a higher binding affinity of polymer for micelles. We observe a smaller slope for Y c1 than for Y c2 in Figure 7 . Since Y c1 corresponds to the binding between polymeric pyrene sites and micelles, the pyrene sites of PAMPS strengthen the affinity of binding. In other words, because Y c is proportional to the minimal micelle surface charge density to bind to polymers, and Y c1 is smaller than Y c2 by 50% at constant I, micelles need 50% more charge to bind to AMPS sites than to pyrene sites. We thus conclude that there is a conjoint effect of hydrophobic and electrostatic forces on the interaction between the pyrene-labeled PAMPS and the C 12 E 6 /CTAC mixed micelles.
UV Spectra. Because the UV spectra of aromatic compounds are sensitive to the polarity of the medium, they are useful as probes of microenvironment polarity. [61] [62] [63] Mukerjee and Cardinal 61 discussed the microenvironment polarity and spatial distribution of such probes in micelles. Kido et al. 40 used pyridinium dicyanomethylide labeled polymers as solvatochromic probes and found a λ max shift at the CAC of poly(Nsubstituted acrylamide)s and SDS.
Type I titrations were carried out at 0.1 g/L PyPAMPS + 4 mM C 12 E 6 with 8 mM CTAC in 0.3 M NaCl. λ max values of pyrene are plotted as a function of Y in Figure  8 . While UV spectra were identical at 0 < Y < 0.10, we observe a red shift starting from a critical Y ()0.10).
The initial point of the λ max shift corresponds to the onset of complex formation between polymeric pyrene dσ c /dκ ∝ -1 (2) and micelles, in that Y c determined from the λ max shift is in a good agreement with Y c1 τ and Y c1 f . Table 1 shows λ max values of a pyrene probe, PyPAm, which has a structure similar to that of polymeric pyrene, in various solvents. λ max varies inversely with solvent polarity. Since λ max of polymeric pyrene is observed to increase at Y > Y c , this suggests that pyrene sites are in a more nonpolar environment at high Y, i.e., due to penetration into micelles. At Y ) 0.20 (>Y c2 ), the λ max value reaches 345.4 nm, close to the value of this probe in ethylene oxide or toluene. Since the palisade layer of the micelle has a dielectric constant of ) 40-50, 61 much larger than pure EO, the high λ max value at Y ) 0.20 implies that polymeric pyrene resides at or near the micelle hydrophobic core.
The previous discussion reveals that pyrene-labeled PAMPS interacts with oppositely charged mixed micelles through conjoint hydrophobic and electrostatic forces. Although micelles associate preferentially with pyrene binding sites by hydrophobic interaction, the binding between these sites and micelles is strongly dominated by the electrostatic forces. This proposal explains (1) Figure 7) . However, it does not explain why fluorescence quenching and λ max shifts occur gradually for Y c1 < Y < Y c2 (Figures 3 and 8, respectively) . Four possible reasons may account for these observations: (1) If mixed micelles have a compositional distribution, Y is only an average value. If micelles must have adequate surface charge density to interact with polymers, the number of such "active micelles" increases with increasing Y. Then, both I/I 0 and λ max can change gradually along with the number of micelles binding to polymeric pyrene. Such a distribution of micelle compositions was predicted in early studies 15 and recently demonstrated by capillary electrophoresis. 64 (2) If complexation is a dynamic process and the residence time of micelles on polymers depends on micelle surface charge density, I/I 0 and λ max can also change continuously. In this case, these values reflect the balance of the encounter rate constant and residence time. The dynamics of complex formation has been examined using time-resolved fluorescence decay measurement. 46 (3) If the complex is in equilibrium with free micelles and polymers, the corresponding "binding constant" may vary with micelle surface charge density. In this case, I/I 0 and λ max reflect the change of the binding constant with Y. (4) Strong binding of the micelles due to electrostatic forces may cause pyrene to penetrate more deeply at higher Y. Not only λ max , but also the quenching rate between pyrene and DMA inside the micelle may be affected by the location of pyrene. In this case, I/I 0 and λ max can vary gradually with increasing Y.
In type II fluorescence titrations ( Figure 5 ), higher quenching was observed at Y ) 0.22 than at Y ) 0.16, even though quencher and micelle concentrations are equal. This indicates the dependence of the quenching constant on micelle surface charge density. This effect can be explained by hypotheses similar to the ones given above; namely that an increase in Y leads to an increase in (1) the number of "active" micelles, (2) the residence time of micelles on polymer, (3) the micelle-polymer association constant, or (4) the depth of penetration of pyrene inside micelles, increasing the first-order quenching rate. All these effects can explain an enhancement of quenching with increase in Y. 
